The distillation column is one of the most important unit operations used in the chemical engineering. The continuous distillation process is largely used in many applications such as petrochemical production, natural gas processing, and petroleum refineries, and many others. Corrective maintenance of the chemical reactors represents a consequential problem because it is very costly and it disrupts production for long periods of time. In addition, most of the time, this may lead to harmful effects and disastrous results. The most common solution has been to rely on preventive maintenance. Unfortunately, this has been both expensive and inadequate. Therefore, the optimal solution is to resort to predictive maintenance that involves the design of a pre-crash control system and a higher ex-ante understanding of the future path of the reactor. This research paper aims to propose the Adaptive Neuro Fuzzy Inference System (ANFIS) as a superior technique that can forecast the future path of the distillation column system. In addition, this paper will propose Parzen windows distribution as a new membership function in order to improve ANFIS performance either by reducing consumption time and making processing closer to real-time application, or by minimizing the root means square error (RMSE) between real and predictive data. This methodology was tested on real experimental data obtained from a distillation column with the aim of predicting failures that may possibly occur during the automated continuous distillation process. A comparative study was necessary in order to properly select the superior membership function that can be used for the ANFIS algorithm when ANFIS is applied to the distillation column data. Results demonstrated the importance of the proposed technique since it proved to be highly successful in terms of reducing time consumed. Additionally, Parzen windows had the smallest RMSE for many signals in both normal and degraded modes.
Introduction
Extensive industrial development has led to a highly competitive industrial state. It is well known that competition is completely based on large productive capacity within a short period of time and this has led to increased usage of industrial machines. Therefore, it is fundamental to have capabilities in early detection of deviations or abnormalities so that the process can be placed under higher control and subsequently can lead to the prevention of any risks or accidents, especially when the process is related to a chemical reaction [1] . In this paper, we focus on the distillation process which represents one of the most important chemical processes.
The deviation of the distillation column data from its normal path is a sign that the device is heading towards a malfunction or a problem; this is a dangerous indicator of system failure and damage in the distillation process. In such a case, losses will not only be material but there may also be casualties due to the significantly high pressure and the flammable materials in the device, possibly causing an unexpected explosion in the distillation column. Consequently, the data of this device must be carefully tracked in order to understand the future direction of data. This is known as the predictive or forecasting process [2] .
The ability to construct a reliable and effective prediction system puts the device under cautious monitoring and supports industrial security, which is the most important issue for industrialists around the world [3] . When choosing the best forecasting techniques, one should take into account several factors such as real time, desirable degrees of accuracy, time analysis, historical data relevance and availability, cost, complexity, operating conditions, heat transfer coefficient, reaction rate, reaction enthalpy, activation energy, and their unpredictable variations, information volume and nature, etc. [4] [5] [6] . In related literature, prediction approaches are classified into two large categories [7] . The first is model-based approaches such as parity space [8] , parametric estimation [9] , and reasoning cases [10] , etc. The weakness of this category is that it has the need to design a complex mathematical model for data prediction [11] . This weak model structure is usually interpreted as poor prediction [12] . The second category consists of data-driven methods such as Arti- Data acquired from a real system, such as chemical reactors, are normally nonlinear, very complex and noisy. Consequently, the design of a mathematical model for the prediction of these data is highly complicated [6] which means that our choice must be directed to the data-driven techniques to avoid this problem [18, 19] . Recently, researchers have highlighted the importance of Fuzzy Logic and ANN as powerful prediction and forecasting techniques [20, 21] . This led to the selection of a hybrid Neuro-Fuzzy Inference System (ANFIS) as a predictor since it combines the benefits of ANN and Fuzzy Logic in one algorithm. In addition, ANFIS is widely used in forecasting and in the prediction domain [7, 18, 19] since it offers superior performance and a fast learning process [18] .
The most important factor that affects the prediction accuracy of ANFIS is the type of Membership Function (MF) used on the first layer of ANFIS architecture (Fig. 3) . The execution time is also important for real time processing [24] . In each instance, ANFIS uses the gradient descent algorithm to update the premises parameters of the MF. For example, if we have only two inputs, x and y, and each input has two MFs, supposing we use the Gaussian function as MF, which has two parameters (the mean (μ) and the variance (σ), this means in total we have eight parameters that must be updated at every iteration. Therefore, if the number of the inputs is high, then the number of the parameters and execution time is also substantial. In the case that the Gaussian shape is applied as the MF, we have eight parameters while in the case of using the Pi-shape as the MF, the number of parameters will be 20. Therefore, a solution is needed to reduce the vast amount of parameters in order to minimize the calculation cost and keep real time processing. On the other hand, previous research has clarified that there is no a priori ideal shape that can be used as a standard for all applications. In addition, the quality, the nature of the data and its application determine the best MF that should be selected (Rui et al., 1995) [25, 7] .
In a comparative study in 2016, Ardhian et al. [24] suggested that the trapezoidal shape is the best MF that can be used for load forecasting. In 2011, Mayilvaganan et al. [26] also proved that the Gaussian shape showed significant results for the prediction of the groundwater level of a watershed. Additionally in 2012, Singh et al. demonstrated that the Gaussian and the bell-shape are the best MFs for the estimation of the elastic constant of rocks [27] .
In the absence of any study applied to data extracted from the distillation column in search of the best forecasting technique, it is clearly necessary to do a comparative study between different types of membership functions in order to determine the optimal MF for forecasting the distillation process data.
A meaningful consideration for the best method in determining a new MF with a low number of parameters is the first incentive in proposing the Parzen windows distribution as a new membership function to be used on the first layer of ANFIS algorithm. As it is well known, only the standard deviation (h) can modify the Parzen shape form, and in this case, we have only one parameter that should be updated per iteration.
In this paper, we aim to determine the most advantageous type of MF which has the smallest root mean square errors (RMSE) among actual and forecasting data, when considering the execution time.
The first section of this paper introduces the topic of discussion and formulates the problem. The second section presents an overview of the distillation column, the data acquisition technique and the state of art of ANFIS architecture. The third section introduces the state of the art of membership functions, and then proposes the Parzen window estimation as a new membership function for ANFIS algorithm. The fourth section presents a discussion of the proposed methodology. Subsequently, the fifth section is a comparative study of the different types of membership functions and includes a discussion of the results. Finally, the article concludes with a summary of the discussion as well as with the prospective path of the research study.
Materials and methods

Data acquisition and measurements
The data used in this paper was extracted from a distillation column system ( Fig. 1) that is installed at the Institute Universitaire de Technologie (IUT) of Rouen-France. The main function of the automatic distillation process is to reproduce the separation between two compounds, in large quantities, by acting on the difference in boiling temperatures. One of the compounds, which is more volatile, will vaporize to the top of the column where it will be condensed with a total condenser. There will therefore be an exchange between the rising steam and the descending liquid; this is called steam enrichment. Some of the condensate will be separated at the top of the column; this is the distillate. Another part will be separated at the bottom of the column; this part is referred to as the residue.
It is important to take into consideration that there is an optimization method for this process which is to make it automated; this can be done by:
Controlling the flow and feed temperature Regulating the pressure drop within the column Controlling the temperature at the head of the column using a regulated reflux rate by virtue of a timer Regulating the heating capacity of the boiler
The system is equipped with a structure point of view (Fig. 4): A tray or packed column (1) A total condenser at the top of the column (2) 
